Asphaltenes are known to cause severe flow assurance problems in the near-wellbore region of oil reservoirs. Understanding the mechanism of asphaltene deposition in porous media is of great significance for the development of accurate numerical simulators and effective chemical remediation treatments. Here we present a study of the dynamics of asphaltene deposition in porous media using microfluidic devices. Model oil with 5 wt% dissolved asphaltenes is mixed with heptane, a known asphaltene precipitant, and flowed through a representative porous media microfluidic chip. Asphaltene deposition is recorded and analyzed as a function of solubility, which is directly correlated to particle size and Péclet number. In particular, pore-scale visualization and velocity profiles as well as three stages of deposition have been identified and examined to determine the important convection-diffusion effect on deposition.
Introduction
Asphaltenes have been referred to as the "cholesterol of petroleum", 1 since they can precipitate out of crude oils and plug pipelines. 2 Of particular interest is the near-wellbore region, which represents the reservoir rock near the entrance of pipelines. By understanding the asphaltene solubility on the deposition dynamics in porous media, especially at the pore scale, better oil flow processes can be designed.
Generally, asphaltenes are defined as the species in crude oils that are soluble in aromatics (i.e. toluene), and insoluble in n-alkanes (i.e. n-heptane). 3 Usually, no specific molecular structure of asphaltene molecules can be obtained due to their general classification with solubility. By changing the solubility parameter of the crude oil, dissolved asphaltenes can be destabilized to precipitate and aggregate by varying pressure, temperature, and compositions of the oil. 4, 5 Various bulk-phase equations of state or mixing free energy models, such as the Flory-Huggins theory, have been utilized to describe the solubility and oil-asphaltene bulk phase equilibria. 3, 6, 7 Also, refractive index measurements have been used to describe the trends associated with asphaltene instability in capillary tubes. 8 However, the dynamics for asphaltene precipitation and deposition within porous media remain unclear.
There have been a number of studies examining the arterial deposition of asphaltenes using glass and stainless steel capillary pipes. [9] [10] [11] [12] [13] [14] [15] Diffusion is usually assumed as an important mechanism leading to deposition. Nabzar et al. proposed a colloidal based model for asphaltene deposition in the diffusion-limited and shear-limited regimes. 10 Vargas et al. proposed that there is a competition between flocculation and deposition of asphaltenes in the well production. 16 It is thought that asphaltenes will either aggregate to form large colloidal systems that can readily flow through the pipe, or deposit onto the surface. Asphaltene deposition in porous media has been less investigated, and its dynamics has not been visualized at the pore scale. For asphaltene deposition in porous media various deposition mechanisms such as hydrodynamic bridging must be considered. Coreflood tests have been widely utilized to analyze the effects of miscible and immiscible fluid injections on the permeability impairment and formation damage. 17 However, only macroscopic properties, such as the permeability reduction from asphaltene deposition, can be obtained.
More recently, microfluidic devices have been utilized to provide insights into oil flow processes. 18, 19 Asphaltene contents in crude oil samples have been characterized using glass microfluidic devices. 20, 21 Also, a microfluidic packed bed reactor has been utilized to study the kinetics of asphaltene deposition and dissolution in a porous media system. 22, 23 Detailed understanding of how the asphaltene solubility influences their deposition at the pore-scale has not been previously studied. Here, we investigate the dynamics of asphaltene deposition after destabilization from the dissolved phase by heptane in a microfluidic model of porous media with the high-speed optical microscopy. Model oil with a known asphaltene content is utilized since crude oil is a complex mixture with components that are known to influence the asphaltene stability. [24] [25] [26] The pressure drop across the porous media is measured to correlate the deposition dynamics with a permeability reduction. The solubility parameter of the oil-precipitant mixture is used to generalize the effects of various concentrations of precipitants with respect to the model oil and identified as Péclet number. The deposition rate is found to vary with precipitant ratios nonlinearly. The velocity and velocity gradient profiles within the pore and the pore-scale dynamic depositing process in real time are obtained for the further investigation on the convection-diffusion effect.
Materials and Methods
All chemicals were reagent grade (purity ≥ 95%), purchased from Sigma-Aldrich and used without further purification.
Preparation and Characterization of Model Oil
In this study, the model oil composed of toluene and asphaltenes was used in the experiments to reduce the influence of complex components typically found in the crude oil. The asphaltenes used in this research were extracted by n-pentane from bitumen samples from the Middle East with an asphaltene concentration greater than 20 wt%. The extracted asphaltenes were then slowly dissolved in toluene at 90 o C in 40 kHz ultrasonic bath (VWR) for a minimum of 30 minutes, until a final asphaltene concentration of 5 wt% was achieved. Determining asphaltene precipitation is a key step prior to studying asphaltene aggregation and deposition. The amount of precipitated asphaltenes after mixing with n-heptane was measured using the "indirect method", a combination of gravimetric and spectroscopic techniques described by Tavakkoli et al., 27 shown in Figure 1 . To generalize the properties of the oil-precipitant mixture, the solubility parameter following the volumetric mixing rule is used. The solubility parameter is derived by Hildebrand and defined as the square root of the cohesive energy density. 28 Several groups have adopted the solubility parameter to describe the properties of the oil-precipitant-solvent systems. [29] [30] [31] Changing the solubility parameter alters the interactive forces between asphaltenes. The solubility parameter of the model oil was measured and calculated from its refractive index.
Refractive indices were measured (Anton Paar WR refractometer) under the wavelength of sodium D line (589.3 nm) with an accuracy of ± 1×10 -4 nD and a measuring range of (1.30 to 1.72) nD. The solubility parameter for each volume ratio of n-heptane was found to vary from 17.01 MPa 0.5 at 40 vol% to 15.8 MPa 0.5 at 80 vol% (see Supplemental Figure S1 and Table S1 ).
Experimental Setup for Asphaltene Deposition
All experiments were performed under ambient conditions, with a fixed temperature of 23 o C.
Model oil and precipitant (n-heptane) were injected separately by syringe pumps (Harvard Apparatus PHD 2000) mixing at a T-junction (IDEX, MicroTee Assy PEEK-1/16 in), and the mixture subsequently flowed through the porous media microchannel where the asphaltene deposition was observed via optical microscopy. The total flow rate of the fluid mixture was fixed at = 60 µL/min , which corresponds to an equivalent superficial velocity = 0.028 m/s. The volume fraction of n-heptane in the mixture, ! = !!"#$%! / , varied from 40% to 80%. The experimental time at different ! also varied from 10-30 minutes so that the total oil injection volume !"# = 1 − ! remains constant. The microfluidic device was staged on an inverted microscope (Olympus IX 71), as shown in Figure 2a , and the visualization of deposition process was recorded using a high-speed CMOS camera (Phantom V4.3, Vision Research, Inc.). A differential pressure transducer (Validyne P610) was connected to the microchannel to measure the pressure drop across the porous media.
Design and Fabrication of Porous Media Microchannel
To mimic the porous media of the near-wellbore region, a homogeneous pore-network of circles was designed so that the diameter of the circular posts and the smallest pore-throat spacing are both 125 µm, as shown in Figure 2b . All microfluidic devices were made of NOA-81 (Norland Optical Adhesive), a thiolene photopolymer with known solvent resistance and temperature tolerance. 32 34 A representative microfluidic device with fittings is shown in Figure 2c . The length of the porous media ( ) is 10 mm. The permeability of the micromodel is around 5.23 Darcy, similar to that of a sand pack or a gravel pack. 35 The surface contact angle of the NOA microchannel was 79.5º±2.67, which is slightly water-wet, as measured by the sessile drop method (KSA CAM 200). The devices were used only once per experiment. 
Data Analysis
The experimental images were processed using ImageJ 36 and Python image-processing module scikit-image. 37 The procedure was to first identify the location of each post in the porous media by image registration and determine the pixel count associated with asphaltene deposition around each post using Otsu's method. 38 Next, the pixel count was converted to a coverage area and multiplied by the microchannel height, ℎ = 20 m, to obtain an average asphaltene deposition volume. The mass of deposition, ! , was calculated by multiplying the deposition volume by the average asphaltene density = 1200 kg/m 3. Finally the average deposition over multiple posts was determined. Note, this calculation assumes that the asphaltene deposition spans across the microchannel.
Results and Discussions Deposition Rate of Asphaltenes in Porous Media
Representative images of asphaltene deposition for varying heptane volume fractions at a fixed injection volume are shown in Figure 3 . The flow is from left to right and the front side of the post is denoted as the left side that makes the first contact with the fluid flow. The particle size distribution (PSD) is obtained from the Dynamic Light Scattering (DLS) measurements (See Supplement Figure S2 ). At heptane volume fractions below ! = 50%, submicron asphaltene aggregates are present. With increasing heptane volume fraction, the mean aggregate size increases and micron-sized aggregates dominate above ! = 65%,. PSD is further used to calculate the range of Péclet numbers, using Eqns 1-2, for each volume fraction to compare the relative ratios of convection to diffusion (See Supplement Table S1 ).
A range of the Péclet numbers is provided to illustrate the relative contributions of convection and diffusion, whereby convection becomes more dominant with at higher ! . Optical microscopy images show that when ! is greater than 50%, asphaltenes deposit on each post in a
(1)
cone-like pattern against the direction of fluid flow, as shown in Figure 3a . At higher ! , the cone shape continues to be a characteristic of the deposition pattern in the front of the post and the deposition on the backside of the post is observed. Of particular interest is the variation in the aspect ratio of the cone-shape. At the highest heptane volume fraction studied, ! = 70% , significant bridging is observed between the posts, as shown in Figure 3e . For ! = 40%, an insignificant amount of deposition of the submicron aggregates is observed (data not shown). The mass of asphaltene deposited per unit time is used to quantify the asphaltene deposition rate, ! . Figure 4a shows the deposition mass ! (in µg) with respect to the injected precipitated asphaltenes mass ! (in mg) in the mixtures passing through. For each ! , the total asphaltene content in the injected model oil and the ratio of precipitates (Figure 1 
Flow direction
constant, hence ! increases linearly with time, ! = ! , and is obtained from a linear regression on the ! -! curve (Figure 4a ). As previously described, the precipitation onset point occurs at a heptane volume fraction, !"#$% = 37.74%, above which asphaltenes begin to precipitate into submicro-or micro-aggregates due to decreased solubility. 25 This is likely why deposition is not observed at ! = 40%. Since this is just above the onset point, the precipitates are nanosized and it is expected that with sufficient time, asphaltene deposition should be observed. Interestingly, from ! = 40 − 65%, the deposition rate increases and then decreases.
It has been reported that the structure of the precipitates alters from nanoaggregates to fractallike micron-sized aggregates 25 , which there is a competition between deposition and convection with the fluid. Finally, the deposition rate increases again from ! = 70 − 80%, due to the increasing size of the asphaltene aggregates. Also, at the highest heptane volume fractions, the deposition occurs rather rapidly due to bridging between the posts. The measured pressure drop across the porous media increases as a result of the reduced permeability (See Supplement Figure   S3 ). 
Dynamics of Asphaltene Deposition onto a Post
The asphaltene deposition observed is characteristic of particle deposition profiles previously observed with micron-sized latex particles around a single cylindrical post by varying the Péclet number. 39 For ! =50 vol%, the deposit takes on a broad cone-like shape (Pe = 1.9 × 10 4 -1.3 × 10 5 , Figure 5a ). The sub-micron asphaltene aggregates more readily deposit at the stagnation region of the post and grows against the direction of flow via convection and diffusion. The cone elongates and narrows at ! = 55 vol% (Pe = 3.3 × 10 4 -5.2 × 10 5 , Figure 5b ). The cone is blunted and shortened due to a competition between between deposition and erosion for 60 vol% (Pe = 2.3 × 10 4 -1.9 × 10 6 , Figure 5c ). Vincent et al. also observed a similar deposition profile with micron-sized polystyrene colloids for various convection-diffusion conditions. 40 Finally, for ! = 70 − 80% (Pe = 10 5 -10 6 ), bridging of the asphaltene deposits across posts occurs for larger asphaltene aggregates. As soon as bridging occurs, it continues to entrain precipitated asphaltenes. Hu et al. described that mechanical entrapment is the dominant mechanism for insoluble asphaltene deposition in a packed-bed device. 22, 23 The corresponding growth curves are shown in Figure 6 . The decrease of the deposition rate found in Figure 4b is also observed at the pore scale. With higher Péclet number, the shear removal is stronger resulting in a narrower final shape and a lower deposition rate. Vincent et al.
also confirmed the trend that the rate of the colloid accumulation increased first with increasing Péclet number and then decreased due to the continuous oscillation of deposition and shear removal. 40 Figure 6 : The deposition curves of 50 vol% and 60 vol% of heptane at pore scale.
The dynamics of the deposition growth is governed by the comparing the relative contributions of convection and diffusion. The deposition profiles for the asphaltene aggregate as various times is shown in Figure 5 . The profile for ! = 50 vol% show that the deposition grows against the fluid flow and broadens laterally, forming the characteristic wide cone-like deposit. With increasing Péclet numbers, the deposit profiles evolve into an elongated narrower for ! = 55 vol% as the deposition occurs more in the stagnation region of the flow. With 60 vol% of heptane, profile of the deposit forms a blunt deposit is observed, due to deposition and erosion.
The velocity and shear profiles around an characteristic asphaltene deposit on a single post for ! = 50 and 60 vol% are simulated using a Lattice-Boltzmann method (described in Supplemental S3) and plotted in Figure 6 to better elucidate the local flow patterns around the deposited asphaltenes. The deposition grows in the stagnation region (blue region) at the centerline of the deposit against the fluid flow direction. It can be observed that the areas of highest shear rates (shown in red) occur at the edges of the deposit. Here there is a competition between deposition and shear removal, resulting in the cone-like deposition profiles. which are 0 -55 vol%, 55 -65 vol%, and 70 -80 vol%. The observed results are consequences from the combination of deposition and removal. For the first stage, the deposition rate increases with more precipitated asphaltenes due to lower the solubility of the mixture. At this stage, the removal effect is not significant due to relatively small Péclet number. Previous studies also mentioned that the submicron particles are the main contribution to the surface deposition. 11, 16, 41 From Figure 5a , the growing front lines not only move forward but also laterally, suggesting the removal efficiency is not strong. For the second stage, Péclet number increases resulting in higher removal efficiency with stronger hydrodynamic force. Therefore, the deposition rate decreases in both Figure 4 and 6.
Furthermore, the effect of the deposited asphaltenes on later ones is discussed with high-shear and low-shear zones. Once, the asphaltene deposit is formed, the high-shear zone on the side of the deposited asphaltenes removes the possible depositing ones but not for the low-shear zone at the tip of the deposit. Hence, the growth dynamic of a deposit shows a tendency to grow slowly and forward. The schematic deposition of aggregates on the post is shown in Figure 8 . Small aggregates deposit on the post and stay without being removed by shear flow, but larger ones are easier to be removed by the flow.
For the final stage, the Péclet number increases to 10 5 -10 6 , the hydrodynamic force is strong. The hydrodynamic bridging effect is strong at this stage with above-micron aggregates.
The deposition rate increases significantly because the bridge is trapping incoming asphaltenes.
Hu et al. also mentioned in the packed-bed micro-reactor, the mechanical entrapment is the dominant mechanism. 22, 23 
Conclusions
The effect of asphaltene solubility on deposition is examined with porous media microfluidic devices. We demonstrate that the deposition dynamics vary significantly with different concentrations of heptane (a well-characterized asphaltene precipitant). We associate the difference in deposition profiles to changes in the particle size distribution with corresponding Péclet number with varying heptane concentration. Finally, we analyze our results at pore-scale visualization with velocity profiles and velocity gradient near the deposit to better understand the effect of deposited asphaltenes on depositing ones. Once the deposit is formed, the depositing tendency is to grow against the flow direction (low shear zone) rather than laterally (high shear zone).
To solve asphaltene problems, fundamental understanding of asphaltene behaviors in micro-scale is needed. Well-defined mechanisms behind deposition can be further incorporated into deposition simulators to accurately predict flow assurance problems and guide the design of remediation strategies.
